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SUMMARY
The Rh blood group proteins are well known as the erythrocyte targets of the potent antibody response that causes hemolytic disease of the newborn (HDN). These proteins have been described in molecular detail, however, little is known about their function. A transport function is suggested by their predicted structure and from phylogenetic analysis. To obtain evidence for a role in solute transport, we expressed Rh proteins in Xenopus oocytes, and now demonstrate that the erythroid Rhassociated glycoprotein (RhAG) mediates uptake of ammonium across cell membranes. RhAG carriermediated uptake, characterized with the radioactive analogue of ammonium [
14 C] methylamine (MA),
had an apparent EC 50 of 1.6 mM and a maximum uptake rate (V max ) of 190 pmole/oocyte/min. Uptake was independent of the membrane potential and the Na + gradient. MA transport was stimulated by raising extracellular pH or by lowering intracellular pH, suggesting that uptake was coupled to an outwardly-directed H + gradient. MA uptake was insensitive to additions of amiloride, aminecontaining compounds tetramethyl-(TMA) and tetraethyl-(TEA) ammonium chloride, glutamine, and urea. However, MA uptake was significantly antagonized by ammonium chloride with inhibition kinetics (IC 50 =1.14 mM) consistent with the hypothesis that the uptake of MA and ammonium involves a similar H + -coupled counter-transport mechanism.
INTRODUCTION
The human Rh blood group proteins have been known for decades to cause hemolytic disease of the newborn (HDN), which can result in severe fetal morbidity and mortality (1) . Despite their clinical importance, these multi-pass membrane proteins were not successfully isolated until the late 1980's (2) and little progress was made in their characterization until the genes were cloned (3) . Database searches for protein sequences with similarities to Rh proteins were not informative until the C. elegans sequencing initiative revealed that homologs exist in that species. These homologs, in turn, revealed a distant similarity between Rh proteins and ammonium transporters from bacteria and yeast. Since then, additional Rh-homologs have been found in many organisms (4) and non-erythroid Rh-homologs were detected in human and mouse kidney, testis, brain, and liver (5,6).
The erythrocyte Rh blood group antigens are carried on two 417-amino acid polypeptides, RhD and RhCE, which are 97% identical. Rh-negative individuals carry a deletion or mutation in RHD, and lack RhD protein (reviewed in (7, 8) 
RESULTS
Expression of erythrocyte Rh proteins in Xenopus oocytes -To test the hypothesis that Rh proteins
are transporters or channels, we expressed Rh proteins in Xenopus oocytes by microinjection of cRNA for RhAG and/or RhCE and performed flux measurements on inject and control oocytes. Expressed
RhAG was detected in oocyte membrane-enriched fractions as a broad band from approximately 45-90 kD ( Fig. 1a) , similar to the molecular weight seen in native RBC membranes, suggesting that the expressed RhAG was fully-glycosylated and properly trafficked to the plasma membrane. The detected protein was absent in water-injected oocytes. Expression of epitope-tagged RhCE was inconsistent and was only detected in membrane fractions when co-expressed with RhAG (data not shown). (Fig.1b) . RhAG-mediated uptake was 8-10 fold greater at 15-30 min and was still 4-5 fold greater at 2 hrs, compared to the linear rate of uptake seen in controls. RhCE-cRNA injected oocytes did not demonstrate uptake, and co-expression of RhCE with RhAG did not alter uptake (data not shown).
RhAG-mediated MA uptake is not dependent on membrane potential and is not driven by the Na
+ gradient -To characterize the mechanisms of RhAG-induced MA uptake, we first examined the effects of modulating the membrane potential. When Na + buffer (100 mM Na + , 1 mM K + ) was replaced by high K + buffer (1 mM Na + , 100 mM K + ), the oocytes depolarize almost immediately, and the plasma membrane resting voltage went from an average of -35 mV to -9 mV. However, uptake of MA was unaffected (Fig. 2) . This result suggested that NH 4 uptake may not be a conductive process, and furthermore that the transport mechanism is not coupled to the Na + gradient. To verify that uptake was independent of the Na + gradient, 100 mM Na + in the uptake buffer was substituted with equimolar NMDG (N-methyl-D-glucamine). RhAG-mediated uptake of MA was unaffected (data not shown).
Two-electrode voltage clamp experiments were undertaken to determine the effects of RhAG expression on plasma membrane conductance properties. Perfusion with solutions containing 20 mM NH 4 Cl caused a small, albeit reproducible, increase in membrane conductance of approximately 4-6 µS greater than that observed in the water-injected controls (data not shown). The small enhancement of membrane conductance, taken together with the lack of effect of plasma membrane depolarization on MA uptake, suggests that RhAG-mediated MA uptake is not conductive.
Kinetics of uptake -The rate of RhAG-mediated MA uptake was a saturable function of MA concentration, suggesting that the process was carrier-mediated. The data were well fitted with a
Michaelis-Menton equation with the EC 50 (K m )= 1.6 mM and V max =190 pmole/oocyte/min (Fig. 3) .
RhAG-mediated MA uptake is pH gradient sensitive -We previously observed that weak complementation of the yeast MEP deletion mutant by RhAG was pH dependent 2 . MA uptake by oocytes in buffers with pH ranging from 5.5 to 8.5 revealed a significant increase in the RhAGexpressing oocytes at alkaline pH values (Fig. 4a) . Although elevated pH also enhanced MA uptake in control oocytes, the enhancement in RhAG-expressing oocytes was always at least two-fold greater than in the controls. Uptake rates at pH 6.5 and below were low and not different from rates observed in the controls. Because the pK a of MA is 10.6, there was little change in the concentration of protonated MA over the range of pHs studied. The increased uptake rate observed at alkaline pH suggested that an outwardly directed proton gradient might be involved in MA uptake. To further clarify the observed pH dependence of MA uptake, the intracellular pH (pH i ) of injected oocytes was manipulated. We reasoned that if an outwardly directed H + ion gradient is involved in ammonium uptake, acidification of the oocyte cytoplasm should enhance unidirectional RhAG-mediated MA uptake. A strategy that has been well documented for acidifying oocytes employs acetate-buffered solutions. In the presence of 60 mM sodium acetate, the lyophilize protonated form of acetic acid crosses the membrane and dissociates, acidifying intracellular pH i (14,15). After 20-25 min incubation in acetate buffer the pH i reaches steady state, and recovers on removal in approximately 15 min (14).
Oocytes were pre-incubated for 25 min in acetate buffers adjusted from pH 6.1-7.4, and then moved to MA uptake buffer at pH 7.5 or 8.5, a treatment which is expected to lower pH i to approximately pH 5.9-6.8 (14). A decrease in pH i increased RhAG-specific MA uptake (Fig 4b) , whereas control uptake rates were unaffected.
In summary, RhAG-mediated MA uptake increased when either pH o was increased or when pH i was reduced. These results suggest that RhAG-specific MA uptake may be coupled to an outwardly directed proton gradient. Taken together with the lack of significant effect of RhAG expression on plasma membrane conductance and the lack of effect of changes in membrane potential on RhAGmediated MA uptake, these data are consistent with uptake being mediated by MA-H + countertransport.
Effect of organic ions on
RhAG-mediated MA uptake -The Na + /H + antiport inhibitor, amiloride, was without effect on uptake (Fig. 5a ). To characterize substrate specificity the effects of several aminecontaining compounds were examined. RhAG-specific MA uptake was not affected by addition of the quaternary ammonium compounds tetramethyl-(TMA) and tetraethyl-(TEA) ammonium chloride (Fig. 5a) , and neither urea nor glutamine inhibited MA uptake (Fig. 5b) . However, ammonium chloride was a strong competitor (Fig. 5b) .
To compare relative affinities of NH 4 and MA for the transport pathway, the inhibitor constant IC 50 was determined by varying the concentration of NH 4 and assessing the effects on RhAG-specific MA uptake (Fig. 5c ). The IC 50 value for NH 4 (1.1 mM) is close to the EC 50 (1.6 mM) for MA uptake.
This result suggests that NH 4 may be the biologically relevant substrate for RhAG-mediated transport and that MA is an appropriate substrate analog for studying NH 4 transport by Rh proteins. Although NH 4 Cl can acidify oocytes (21), which could affect the uptake of MA, the maximally-inhibiting concentration of NH 4 in our experiments was 2-fold lower than those normally used to acidify oocytes, and the half-maximal concentration was 1 mM, a concentration that is unlikely to produce significant pH i changes. However, a small intracellular acidification at these lower concentrations would result in an underestimation of the ability of NH 4 to block MA uptake, because acidification stimulates uptake. Oocytes expressing RhAG demonstrated an 8-10 fold increase in uptake of ammonium, measured with the radioactive analogue [ 14 C] MA, over water-injected controls. RhAG-mediated uptake of ammonium was unaffected by changes in the plasma membrane potential suggesting that the uptake pathway conferred by the expression of RhAG is not conductive. Uptake was independent of the plasma membrane Na + gradient, but it was affected by a H + gradient. Raising external pH or acidifying the oocyte cytoplasm increased the accumulation of the radioactive tracer. These results suggest some possible models for RhAG-mediated MA uptake, and by extension, for ammonium uptake. First, uptake may be coupled to proton extrusion. For mammalian cells, uptake of NH 4 + would be predicted to acidify cells because the transported NH 4 + can dissociate into NH 3 and H + in the cytoplasm. Uptake mediated by MA-H + counter-transport would therefore be an attractive mechanism to accumulate ammonium without compromising pH. Second, our observed effects of pH on RhAGmediated MA uptake might possibly be accounted for by changes in the concentration of the unprotonated NH 3 molecule when pH is altered, with the unprotonated molecule being the transported species. However, if the unprotonated molecule was the transported species, we would expect that the inhibition kinetics measured at pH 7.5 and pH 8.5 should be very different, since the pK a of ammonium (9.25) dictates that the unprotonated form (NH 3 ) is less than 2% of the total ammonium concentration at pH 7.5, but increases to approximately 15% at pH 8.5. In contrast, the same IC 50 (1.1 mM) was measured at both pHs, arguing that the transported species is not the unprotonated molecule.
DISCUSSION
Third, the effects of pH on the observed MA uptake rates could possibly be the result of allosteric effects of H + . However, this possibility seems unlikely since the pH gradient, rather than the pH on either side of the membrane, appears to be most important. We conclude therefore, that the most reasonable model that can account for our results is one in which RhAG-specific MA uptake is mediated by an exchange of cationic MA (and by extension, NH 4 + ), with H + . Further studies are underway to conclusively determine if RhAG is an antiporter.
Transport across membranes is required to efficiently scavenge NH 4 + for use as a nitrogen source in bacteria, yeast, and higher plants; however, little is known about the requirements for NH 4 + transport in mammals. It was long assumed that high passive membrane permeability of ammonia (NH 3 ) would obviate the need for specific transport pathways in mammalian cells (19) . Water and urea permeation were originally thought to occur by passive movement through the lipid bilayer, but are now known to be mediated by specific proteins. Similarly, rates of passive diffusion are not sufficient to account for the movement of NH 4 + in a number of organs (22) (23) (24) . NH 4 + movement in the kidney tubular segments is transport-mediated. Uptake is thought to be due, in part, to the ability of NH 4 + to substitute for K + on the Na + -K + -2Cl -co-transporter (25) and the Na + , K + -ATPase (26), or to be carried by the Na + /H + exchanger (27) . Our results suggest that ammonium transport may also be mediated specifically by Rh proteins.
The involvement of Rh proteins in membrane transport has been suspected recently based on predicted topology and weak similarity to ammonium transporters. However, until now, direct demonstration of the movement of a specific substrate by Rh proteins has not been shown. Here we
show that ammonium is a biologically relevant substrate for RhAG-mediated transport, and that MA is an appropriate substrate analog for studying transport by the growing family of Rh-related proteins.
Although ascribing a role for NH 4 + transport by erythrocytes is somewhat speculative at present, the large total erythrocyte mass may enable these cells to carry a significant amount of ammonium or ammonia, possibly to be exchanged in the liver and kidney, where other Rh-related proteins are expressed. Indeed, physiologic ammonium concentrations in blood plasma are low, 0.1-0.2 mM, but erythrocyte ammonia levels average three times greater (28 
